Speciation is important for describing chemical reactions in the environment and for estimating the environmental behavior of metal ions. For REE and actinides(III), particulate matter can be the main carrier governing their migration in a natural aquifer in addition to complexed species in an aqueous phase. [1] [2] [3] However, the chemical species of REE or actinides(III) at a solid-water interface is still not clearly understood on a molecular scale. Although the complexed species in an aqueous phase can be easily assessed by solution chemistry data, 3,4 the complex nature of particulate matter often prevents us from precisely describing the sorption reaction of REE, or actinides(III). Regarding this point, the REE distribution patterns plotting the distribution coefficients between the solid and aqueous phases in the order of atomic number could be a clue to clarify the REE species at the solid-water interface, since the REE distribution patterns reflect the chemical species of REE at the solid-water interface due to a systematic variation of the chemical character across the REE series. In this study, we investigated the possibility of using the REE distribution patterns to estimate the species of REE, or actinides(III), at a montmorillonite-water interface as an example of a solid-water system in a natural aquifer.
results will show that the REE pattern may be a clue for estimating the species of REE at the solid-water interface, which is usually difficult to be clarified by other available techniques, particularly in the low concentration range of REE.
Features in REE Patterns for the Speciation of REE at the Solid-water Interface

Slope of REE patterns
The slope of REE patterns is primarily related to the lanthanide contraction. 15 If we assume that the REE species in the aqueous phase are hydrated ions, the REE distribution pattern reflects the relative differences in the stabilities of the REE sorbed species against the hydrated ions across the REE series. For the inner-sphere complex species of "hard" ions, like trivalent REE ions, it is usually expected that heavier REE form a more stable complex due to the larger electrostatic attraction for smaller ions. For example, the stability constants of monohydroxides of REE (βLnOH; Ln = REE) increase with the atomic number of REE, 16 showing the formation of an innersphere complex. Similarly, if the montmorillonite surface favors smaller ions, such as heavy REE (HREE), it is suggested that an inner-sphere complex is formed between REE and -OH group at the edge of the montmorillonite.
There is another type of sorption, where the hydrated ion is sorbed as an outer-sphere complex on the surface, such as found in an ion-exchange reaction with a strongly acidic cation exchanger. [17] [18] [19] In this case, the affinity of the exchanger for REE is considered to decrease from LREE to HREE, since the radius of the hydrated ions decreases from HREE to LREE. Although an explanation using only the size of the hydrated ion may be too simple to describe the reaction, it is still effective to interpret the overall slope by applying the concept of the hydrated ionic radius to the REE patterns. The outer-sphere complex is predominant for the sorbed species of REE when the distribution coefficient is higher for LREE.
The tetrad effect and the Y/Ho fractionation
The concept of the ionic radius or hydrated ionic radius is useful for interpreting the overall slope of the REE distribution patterns. However, it should be noted that a fine structure is sometimes observed in the REE distribution patterns, which is called the "tetrad effect", and is caused by the contribution of the covalent character of 4f-electrons for bonding. [20] [21] [22] The tetrad effect is observed as four concave curves consisting of La-Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho, and Er-Tm-YbLu in REE patterns, which was first discovered in a system of solvent extraction. 23 A similar effect was also reported in other solvent-extraction systems, 24 sorption experiments, 10, 25, 26 and natural samples. [27] [28] [29] [30] [31] [32] For example, the REE pattern at pH 6.18 shown in Fig. 2 exhibits the M-type tetrad effect, which produces four separate curves, consisting of La-(Ce)-Pr-Nd, (Pm)-Sm-Eu-Gd, Gd-Tb-Dy-Ho, and Er-Tm-Yb-Lu (Ce is anomalous, as discussed later; Pm value is not obtained because of the absence of stable isotopes when using ICP-MS). The opposite tetrad effect with downward concave curves is called a W-type tetrad effect in this paper. The tetrad effect appears in the solvent-extraction systems because the relative stability of the configuration of the 4f electrons varies among each REE species in the two phases, i.e., the aqueous and organic phases. [20] [21] [22] It is expected that a similar effect can be found in the REE sorption distributions between water and montmorillonite. The appearance of the tetrad effect in the REE distribution patterns may imply a change in the coordination environment through a sorption reaction, such as inner-sphere complex formation, which is accompanied by a ligandexchange. On the other hand, the absence of a tetrad effect may indicate that the sorption reaction does not involve a change in the local structure of REE.
The behaviors of Y and Ho are normally very similar, due to their almost identical ionic radii. However, similarly to the tetrad effect, the Y/Ho ratio can deviate from the original value through a chemical reaction, as suggested in solvent extraction, 23 sorption reaction, 26 and natural samples. 29, 30, [32] [33] [34] For instance, in a reaction involving a transition from 8-fold to 6-fold coordination (CN), the Y/Ho ratio can differ from the initial value, because the ratio of the ionic radii of Y and Ho (rY and rHo) are different between these two coordination environments (rY/rHo = 1.004 and 0.999 for CN = 8 and 6, respectively). 35 Therefore, the change in the Y/Ho ratio can be another clue for estimating the sorbed species of REE. In this paper, the Y value is plotted between Ho and Er, since the ionic radius of Y is intermediate between Ho and Er.
Experimental
Samples and chemicals
Montmorillonite obtained from a mine in Hojun, Japan, was received from Nacalai Tesque Inc. Montmorillonite particles were washed with 0.1 M HCl repeatedly to exclude exchangeable REE originally contained in the montmorillonite, which may affect any precise determination of the distribution coefficients. After washing with HCl, montmorillonite was washed with a 0.10 M NaCl solution so as to remove excess protons contained in the sample. X-ray diffraction and transmission electron microscope analyses showed that the mineral phase was montmorillonite. The cation exchange capacity was 30 meq/100 g, as determined by the Schofield method (pH 8, NH4Cl 2.0 mM). A BET analysis (N2) showed that the surface area was 5.5 × 10 m 2 /g. All of the reagents used in this work were of analytical grade, and Milli-Q grade water was used throughout. Humic acid employed in this study was extracted by a 0.5 M NaOH solution from paddy soil in Tochigi Prefecture, Japan. The sample was characterized by element analysis, UV-Vis, IR, pH titration, and C-13 NMR. 36 The stability constants of humate complexes of some REE (Y, Ce, Eu, Gd, Tm, Yb, and Lu) were already reported.
36,37
Experimental details
The concentration of each REE in the initial solution was 100 ppb, as prepared from a REE standard solution (SPEX CertiPrep. Inc.). A 10-ml volume of the solution was mixed with 10.0 mg of montmorillonite in a PTFE (polytetrafluoroethylene) vessel. The pH was adjusted by adding a small amount of HCl or NaOH solution (Ultrapur grade), while I (ionic strength) was adjusted to 0.0200 M by NaCl. The pH value was readjusted twice, at approximately 1 and 6 h from the first pH adjustment. The samples were shaken at 293 K for 48 h, which was a sufficient period to reach equilibrium. After centrifugation (3000 rpm, 5 min), the aqueous phase was filtered by a 0.45 µm membrane filter (hydrophilic PTFE). The final pH value was measured to be employed in our results. The REE eluted from the PTFE filter were tested by measuring 2% HNO3 after filtering 5 ml of 2% HNO3, showing that the REE leached by this method are less than 0.01% of the initial REE added in the system.
The REE remaining in the solution after filtration were separated by the cation-exchange method (Bio-Rad Lab.,
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ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 AG50W-X8) to reduce the salt effect on the ICP-MS measurement. The REE fraction eluted from the column by 6 M HCl was evaporated to dryness. The concentrations of REE redissolved to 2% HNO3 were determined by ICP-MS (VG PQ-3) employing In and Bi as internal standards. 32 The precision of the REE measurement by ICP-MS in this work was estimated to be 2%, which is one relative standard deviation of repeated analyses of a 100 ppb REE solution (10 ml) without montmorillonite, including the separation procedure for REE.
The distribution coefficient (Kd) was obtained from the concentrations of REE in the aqueous phase by
where [REE]init and [REE]aq denote the concentrations of dissolved REE before and after contact with montmorillonite, respectively; R is the water-montmorillonite ratio (ml/g). A humic acid solution (10.0 g/dm 3 ), prepared by the dissolution of humic acid in a 0.10 mol/dm 3 NaOH solution (Ultrapur), was injected into a montmorillonite-water suspension containing REE. The initial concentrations of humic acid were 10.0, 25.0, or 50.0 mg/dm 3 . The presence of humic substances in the solution had some influence on the REE signal in ICP-MS measurement when the humic acid concentration was above 20 mg/dm 3 . Therefore, the aqueous phase removed by filtration for the ternary system (REE-montmorillonitehumic acid) was evaporated with HNO3 to decompose the humic acid. After this process, REE were redissolved by 0.5 mol/dm 3 HCl for separation by cation-exchange resin, as described above.
Results and Discussion
Background data
Various factors should be assessed to obtain reliable solidwater distribution data, including the solubility of REE, the sorption of REE on the PTFE vessel, and the exchangeable REE originally contained in the montmorillonite sample. Under the air equilibrium condition, the solid phase of REE that regulates the total concentration of dissolved REE species may be LnOHCO3 (Ln = REE). 38 The total concentration of REE in the aqueous phase equilibrated with LnOHCO3 was calculated for Eu(III), since the solubility data of LnOHCO3 were available for Eu(III). 38 As a result, the Eu(III) concentration of 100 ppb is below the solubility at pH < 7.6 ( Fig. 1) , showing that all of the Eu(III) can be dissolved in our experimental system. Although a similar discussion was not conducted for other REE due to insufficient data, it is expected that the formation of REE precipitates can be excluded in our experimental system (pH < 6.2).
The REE fraction remaining in the aqueous phase in contact with the PTFE vessel was examined at various pH values when the initial REE concentration was 100 ppb. Below pH 6, less than 3% of REE was sorbed on the wall of the PTFE vessel, suggesting that the wall effect of PTFE could be ignored in this pH region.
Exchangeable REE concentrations removed from the montmorillonite (10 mg) 48 h after contact with 2% HNO3 (10 ml) were measured by ICP-MS, where the watermontmorillonite ratio (R) was identical to that employed in the experiments. It was indicated that the exchangeable REE originally contained in the montmorillonite were less than 0.5% of the REE in the starting solution. Similarly, exchangeable REE originally contained in the humic acid could be neglected compared with REE injected into the solution in our experiments.
REE species sorbed on montmorillonite and the slope of REE patterns
The pH dependence of the REE distribution patterns between water and montmorillonite is shown in Fig. 2 . The aim of this study was to clarify the relationship between the shape of the REE pattern and the REE species at the interface. For this purpose, simultaneous analyses of all REE by ICP-MS were indispensable to obtain reasonable REE patterns. The error bars in Fig. 2 were given according to the precision in ICP-MS measurements, which shows the uncertainty of the relative position of each REE within the REE pattern. It was observed that the Kd values increased with the pH in the pH range examined, as suggested from various studies. [6] [7] [8] [9] [10] In the log Kd patterns, the slope of the pattern against Z (atomic number) also increased with the pH above pH 5. In this study, we tried to extract REE species sorbed on montmorillonite from REE distribution data. For this purpose, the distribution data of each REE should be expressed by the concentration ratio of the sorbed species against the same species in the aqueous phase for all REE, such as aquo complexes. One may think that the change in the slope can be caused by preferential complex formation in the aqueous phase for either LREE or HREE. In order to exclude this effect, complex formation in the aqueous phase (REE-hydroxide and carbonate complexes) above pH 5.5 was corrected to obtain Kd, as designated by a solid line using their stability constants. 16, 39 The concentration of carbonate was estimated by assuming equilibrium with air. The corrected Kd data show the ratio between the sorbed species and the REE aquo ions in the aqueous phase. The results indicate that the influence of dissolved complex formation does not affect the tendency of the slope.
The difference between the lower and higher pH may be closely related to the two sorption sites in the montmorillonite. One is the -OH group at the edge of the montmorillonite, while the other is a nonspecific site induced by the isomorphic substitution. 17 Because sorption to the -OH group site usually increases with the pH owing to deprotonation of the site, it is suggested that the contribution of the sorption reaction with the -OH groups is greater in the higher pH region. On the other hand, it is suggested that REE are sorbed to the nonspecific sites at lower pH values.
At pH 5.91 and 6.18 ( Fig. 2) , the increasing dependence of log Kd on Z is clearly observed. This increase is primarily due to lanthanide contraction, because the electrostatic attractive force is larger for smaller ions (= heavier REE), which suggests that REE mainly forms an inner-sphere complex with the -OH group on montmorillonite in the higher pH region.
In contrast, the log Kd dependence on Z is opposite to the decreasing order against Z below pH 5. The difference in the log Kd pattern between lower and higher pH values must be due to the change in the sorbed species on montmorillonite, because only aquo ions of REE are considered to be dissolved species in a discussion on Kd. As discussed before, the decrease of log Kd with increasing Z may be due to the larger sizes of hydrated REE ions for heavier REE. Hence, the present results suggest that the hydrated REE ions form outer-sphere complexes with the surface of montmorillonite through attraction by permanent charges in the clay mineral.
In some patterns, we can find anomalously low data for La and Ce than expected from the overall trend. Kawabe has pointed out that the drop of LREE (particularly for La and Ce) found in the REE patterns of carbonate stability constants is caused by the difference in the hydration state of La and Ce from other REE in the aqueous phase. 40 A similar effect may cause the anomalous data of La and Ce, though it is not clear at present. In addition, an anomalously low value of Ce at pH 6.18 may be due to the formation of Ce(IV) during experiments, because oxidation to Ce(IV) occurs more readily at higher pH. 41 Cerium(IV) should behave differently from other trivalent REE, which results in the anomalous value.
Tetrad effect and Y/Ho ratio
In the higher pH region (pH > 5.46), we can recognize the Mtype (upward convex) tetrad effect in the REE patterns. Similar convex curves were also observed in Coppin et al. 10 These results suggest that the coordination environment is changed by the sorption on montmorillonite from aquo ions to an innersphere complex with the ligands at the surface. From the general sorption mechanism by montmorillonite at a higher pH, it is suggested that the M-type tetrad effect in the REE patterns of log Kd appears as a consequence of the formation of innersphere REE complexes with -OH groups at montmorillonite surfaces above pH 5.9. Similar M-type tetrad effects were reported in the REE distribution patterns between the aqueous phase and iron hydroxide, 26 which is also induced probably by the formation of an inner-sphere complex with an -OH group at the surface of iron hydroxide.
In the lower pH region (pH < 4.2), the tetrad effect is not observed in the REE patterns, showing that the local structure of REE is not significantly affected by sorption onto the montmorillonite surface. This fact is compatible with the estimation that hydrated REE is sorbed as an outer-sphere complex on the montmorillonite surface, as suggested based on the slope of the REE patterns.
The change in the Y/Ho ratio can be another clue for deducing of REE species at the solid-water interface. In the higher pH region (pH > 5.4), the Y/Ho ratio decreases from unity (= the initial value of the Y/Ho ratio in the starting solution), which suggests a structural change by sorption. It is considered that sorption in the higher pH region (pH > 5) occurs by the formation of an inner-sphere complex with an -OH group at the montmorillonite surface. In contrast, the Y/Ho ratio does not change by the sorption process below pH 5, which is consistent with the absence of a tetrad effect in the pH region, implying that the local structural change of REE does not occur for a sorption reaction below pH 5, that is, during the formation of an outer-sphere complex.
Comparison with spectroscopic data
The present results concerning the REE species at the solidwater interface, estimated from REE patterns, were confirmed by spectroscopic data obtained by laser-induced fluorescence spectroscopy (LIF) for Eu(III). 42 The fluorescence of Eu(III) due to the f-f transition is effectively quenched not by D2O, but by H2O, from which we can obtain the hydration number of Eu(III) by a lifetime measurement. The fluorescence lifetime (mainly using the fluorescence emission due to the f-f 5 D0→ 7 F2 transition) and the emission spectrum of Eu(III) were employed in order to obtain chemical information on the sorbed species. In particular, the lifetime contains information on NH 2 O, the number of water molecules in the first coordination sphere of Eu(III). 43, 44 The LIF results show that the NH 2 O of Eu(III) sorbed on montmorillonite below about pH 6 is around 9, which is the NH 2 O value of hydrated Eu(III) in the aqueous phase. Therefore, it is suggested that the hydrated Eu(III) ion is sorbed on montmorillonite as an outer-sphere complex at pH < 6. Above pH 6, more than 6 water molecules are removed from the first coordination sphere of Eu(III), showing that an inner-sphere complex is formed as the sorbed species of Eu(III) on montmorillonite. 42 Similar results were also obtained by Stumpf et al. for Eu(III) and Cm(III) by LIF. 45, 46 The consistency between the spectroscopic data and the sorbed species estimated from the REE patterns strongly suggests that the REE patterns can be used for estimating the REE species at the solid-water interface.
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Systematics of features in REE distribution patterns
The slope of the REE pattern, the degree of the tetrad effect, and the Kd(Y)/Kd(Ho) ratio are compared in Fig. 3 Fig. 3 , where the two systems can also be distinguished. Although the differentiation of outer-sphere and inner-sphere complexation found in the REE patterns is of a rather qualitative manner, it is considered that these features in REE patterns can be used to estimate REE species sorbed on particulate matter based on the plot in Fig. 3 .
REE sorption on montmorillonite in the presence of humic acid (ternary system)
The REE distribution pattern was also studied in the presence of humic acid, a ternary system consisting of REE, montmorillonite, and humic acid. The humate complex is the dominant species for REE in the aqueous phase under our experimental conditions, as calculated from their stability constants. 37 The influence of humic acid on the REE patterns is shown at pH 5.9 (Fig. 4) . Because humic acid itself is sorbed on montmorillonite, the distribution of humic acid (KHA) determined by UV absorbance at λ = 320 nm is plotted in Fig.  4 . Log Kd decreases with an increase in the initial concentration of humic acid, showing that the sorption of REE is inhibited by the humate complexation in the aqueous phase, as suggested in previous studies. 47, 48 The fact that KHA was fairly similar to Ksorb indicates that REE are distributed as a humate complex both in the aqueous phase and on the montmorillonite surface. 47, 48 In the absence of humic acid: (1) log Kd is larger for HREE; (2) the M-type tetrad effect is observed; and (3) the Y/Ho ratio is lower than 1; due to the formation of an inner-sphere complex with the -OH group at the montmorillonite surface. In the presence of humic acid, different features were observed: (1) the overall trend of the REE patterns was flat (except for Nd at [HA] = 50 mg/dm 3 ); (2) the tetrad effect was not observed or the opposite (W-type) to the binary system; and (3) the Y/Ho ratio was above 1. The reasons for the appearance of the W-type tetrad effect and the Y/Ho ratio above 1 are not clear at present, but it is implied that the humate species on the montmorillonite surface have different characteristics from aqueous humate complexes. The flat REE patterns, on the other hand, suggest that the REE species do not change through sorption, that is, REE exist as humate complexes both in the aqueous phase and on montmorillonite. The fact that humate complexes are the predominant species for Cm(III) sorbed on the montmorillonite surface under similar experimental conditions adopted in this study was also shown by LIF. 49 The consistency between the REE patterns and spectroscopic data, such as LIF, demonstrates that the REE patterns themselves include information on the REE species at the montmorillonite-water interface.
Conclusion
In this study, it was shown that certain features in REE patterns are closely related to the REE species at the montmorillonitewater interface. The features include the slope of the REE patterns, the tetrad effect, and the Y/Ho ratio found in REE distribution patterns in the following three systems: (i) REE sorption on montmorillonite at pH < 5; (ii) REE sorption on montmorillonite at pH > 5.5; and (iii) a ternary system consisting of REE, montmorillonite, and humic acid. This study suggests that a careful investigation of the REE solid-water distribution may contribute to the speciation of REE, or actinides(III), at the solid-water interface.
